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Introduction
The free-label detection of chemical analyt medium using light-excited surface plasmon resonance (SPR) is nowadays a broadly used technique. It is further an object of the invention to provide a solution for a SPR-based device that is easy to manufacture, cost-effective and simple to use for the laboratory specialists. A low-cost plastic optical fiber (POF) solution was considered [1] instead of classically most widely used Kretschmann prism-coupling geometry. The POF fiberbased SPR has many advantages over prism-based model such as flexible optical design because of the easy modeled plastic materials, development of remote sensing setup, it may reduce the cost and dimensions of the device and there exists the possibility of integration with optoelectronic devices (eventually leading to "lab on a chip"), to be used in continuous analysis in real-time (not just one sample at a time) and in situ monitoring.
In this paper a SPR sensor response with different stack-layered geometry has been theoretically investigated, in order to obtain an optimal geometry with a good sensitivity and resolution ratio. The design method is used in order to select the optimal manufacturing parameters for the sensor. The SPR biosensor was developed and tested at the Department of Information Engineering, Second University of Naples, Italy and the results was published in [1] . It was used in this study for performance comparison between theoretical and experimental results; the results are in close concordance. The numerical results are obtained based on transfer matrix formalism using Matlab simulations. The preferred mode of surface plasmon wave (and hence the marker) detection is based on spectral analysis of insertion loss experienced in the fiber device. SPW (surface plasmon wave) results in a peak of insertion loss at certain wavelength (identifying type of the marker) and amplitude (indicating its concentration). Suitable interrogator is able to detect increase of insertion loss at certain wavelength corresponding to SPW resonance against reference at other wavelength(s) not influenced by the SPW.
The POF has a PMMA core of 980µm and a fluorinated polymer cladding of 20µm. The D-type geometry enabling it to be a candidate for successful biosensors implementation; the planar gold layer that permits easy-binding process of antibody.
Theory
The propagation of the free electron density oscillation on the surface of a dielectric medium, subjected to an incident light, in contact with a metal gives rise to a surface plasmon wave (SPW). The SPW can only be supported along the boundary of two materials layers with opposite signs of the real parts of the dielectric constants, such as a dielectric and a metal. Due to the intrinsic electron oscillation damping loss in the metal the SPW attenuate rapidly during the layered-path propagation. In a metal electron oscillates with plasma frequency, ω p =4πne 2 /m [2] (where n is the electron number density, e is the electron charge and m is the electron mass). The resonance condition for the excitation of surface plasmon wave (Eq.1) is obtained considering the dispersion relation for surface waves. The output signal demonstrates a dip at a particular wavelength known as resonance wavelength. The propagation constant of the evanescent wave generated as a result of Attenuated Total Reflection (ATR) of the light incident at an angle θ incident through a light coupling device (in this case optical fiber) of refractive index n core , is equal to that of the SPW:
where K ATR = The ultra-thin metallic layers (20nm < d < 60 nm) is stacked alternatively with positive photoresist (Microposit S1800).
The complex value of dielectric constant was calculated according with Lorenz-Drude model (LDm) [6] . The LDm is often used for parameterization of the optical constants of metals because provides a dielectric function with good correlation with the experimentally measured dielectric functions of metals over a wide frequency range. According with [3] , the dispersion for PMMA material, for fiber core is:
For Microposit S1800 photoresist, the dispersion curve is mentioned in [4] . The fiber has locally removed cladding along half circumference. POF is composed of soft materials and a simple procedure of side-polishing with polishing papers (8 µm to 1 µm) was adopted since the dimensions of samples can be easily controlled. Ordinary fibers are no longer cylindrically symmetrical after side-polished, called also D-type fiber [9] . The state of linearly polarized light oriented parallel to a polished surface is the TE mode. Its orthogonal state is the TM mode that has contribution to plasmonic effect (p-wave).
Consider the N-layer model as shown in Fig 1. b, and Fig 2 in detailed, with the layers stacked along the y-axis, the transfer matrix formalism for a multilayer system is applied [5] . The reflection coefficient (reflectance) of the p-polarized light is given by: 
and for the s-polarized light is given by: Advanced Engineering Forum Vols. 8-9 565
ξ is the optical admittance defined as a function of polarization state and k ς , is the phase factor of the k-layer. (11) where N is the number of reflections within the sensitive area, that is calculated as a function of L, length of the sensitive area, W, width of the sensitive area and D, diameter of the fiber, while r s , r p are the reflection coefficient for polarization TE and TM, respectively.
The power distribution arriving at the end-face of the fiber can be expressed as in Eq 12. 
The considered model has a good real data results even it does not take into account scattering from possible roughness of the layer, diffraction or dispersion and mode coupling phenomena because of the small sensing fiber path.
In a light intensity absorption-based fiber optic SPR sensor, normalized transmitted power (T(λ)) is determined relatively to the transmitted power obtained for the blank medium (P ref (λ)). ) (
The sensor sensitivity can be expressed by calculating the ratio between consecutive shift in resonance wavelength related to unit change in refractive index. The theoretical values are discussed for different multi-layered geometry in order to manufacture de sensor. which can be approximated with the variation of minimum power (that correspond to resonance wavelength) related to unit change in refractive index.
The resolution or signal-to-noise ratio (SNR) of the SPR sensor is inversely proportional to the full width at half maximum (the narrower the width the higher the detection accuracy) of the SPR response curve. 
Results and discussion
With the best of our knowledge, a close approach analysis is present in the literature with reference to a silica optical fiber [8] [10] round-type or a sensor based SPR [9] in D-type monomode silica optical fiber with other buffer layer (SiO 2 ) between the fiber core and the gold film.
The SPR based on plastic optical fiber (POF) fiber-based has many advantages over silica optical fiber, such as:
-flexible optical design, as easily processed plastic materials are used -the most common POF material is poly-methyl metacrylate (PMMA), long known for being non-toxic and showing good biological compatibility.
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-PMMA-based POFs are suitable low-cost alternative for light transmission in the visible and near infrared range (approx. 450-850 nm) with attenuation below 0.2 dB/m. The buffer layer permits to increase the adhesive force between metallic layer and fiber core as a substrate.
Considering the ultra-thin metallic layers deposition (d metallic layer =20,40,60 nm) embedded in a sensing region within a layered-stack deposition on the plastic core, and analyt refractive index n sensing =[ 1.332 1.34 1.35 1.36 1.37 1.38 1.39 1.40 1.41 1.418 ] (corresponding to the data 2-data 11 series in figure legend, with data 1 as etalon) , the results depicted in Fig 3-5 was obtained, corresponding to the geometry description in Table 1 .
To obtain maximum values of S (sensitivity) and SNR(signal-to-noise ratio), it needs to identify appropriate values of metal film thickness and layer order. The sensing length that is considered has L=10mm. The most used metals for SPR, gold and silver, was considered. A new approach with aluminum deposition has been proposed in [11] and it will consider in a future work. Because the sensitivity of this device can reach about 0.8-1.2 x 10 3 nm/RIU for 980µm POF and resolution about 0.08-0.6, it can be used for the refractive index range in interval range 1.33-1.40.
At the present work, the geometry with core/buffer-d 1 /gold-d 2 /analyt (d 2 =40, d 1 =1.5µm) was selected for good sensitivity to resolution ratio and experimentally analyzed. Among the 12-th geometry types, the 5-th, 6-th and 12-th reflect good performance parameters, including real-value of the parameters that can be obtained with deposition devices (spin coating and sputtering steps). In the following graphics there are some selections of the representative results.
To demonstrate the practicability of the proposed method, a laboratory SPR biosensor [1] developed at the Department of Information Engineering, Second University of Naples, Italy was used in this study to compare the theoretical and experimental results. For optical fiber a model no. "PMMA POF D.980/1000, manufactured by Luceat Spa, Torbole Casaglia (BS), Italy was used. The results are in good concordance with the theoretical simulations results (Fig 3 from [1] ). For the future work, at the next step, the 6-th and 12-th (the shaded) geometry from the Table 1 
Summary
This paper presents theoretical comparison between different multi-layer geometry of the D-type POF, in order to design the SPR sensor with the best values for sensitivity and resolution of analyt detection. The numerical simulation is based on transfer matrix formalism. It was studied 5 basic structures, to search a geometrically optimized optical fiber-based sensor. In the selected geometry the real capabilities of the manufacture devices are considered. Also, to protect silver layer from oxidation, the gold layer is consider as the outer coating (and structures with silver as the outer coating are neglected).
From theoretical and experimental results, the SPR sensor based on POF demonstrates good linearity and good proportional correlation (R 2 in 0.92 -0.99 range) with RI values in range 1.33-1.40 for the analyt. Because of the good agreement between the tested geometry and theoretical results, numerical simulations could be used to predict better functioning conditions of SPR sensor.
